Three Gd 2Ϫx Ce x RuSr 2 Cu 2 O 10Ϫ␦ samples (xϭ0.5, as prepared and after high pressure oxygenation and x ϭ0.7) have been investigated by synchrotron powder x-ray diffraction and magnetization measurements. Precise coordinates and site occupancies for the oxygen atoms have been refined from the x-ray experiments. Estimates of the hole doping of the copper oxide planes based on the bond lengths, via the bond valence sum method, are found to be inaccurate. However, doping estimates based on the refined oxygen contents are in good agreement with the variation of superconductivity, and show that chemical doping, rather Cu/Ru band overlap, is the doping mechanism. The magnetic ordering temperatures of the Ru moments are not a simple function of the doping concentration, but depend upon both the Gd/Ce ratio and the oxygen content.
INTRODUCTION
The unusual coexistence of weak ferromagnetism and superconductivity in the 2122 and 1212 ruthenocuprate SR experiments have demonstrated that the materials are microscopically uniform with no evidence of spatial phase separation of superconducting and magnetic regions. [3] [4] [5] The Ru-2122 materials display a magnetic transition at T M ϭ125-215 K and bulk superconductivity below T c ϭ32-50 K depending on sample preparation and composition. Recent x-ray absorption near edge spectroscopy ͑XANES͒ and high-temperature susceptibility studies on R 2Ϫx Ce G-type antiferromagnetic order within the RuO 2 planes has been observed in neutron scattering experiments on RuSr 2 GdCu 2 O 8 . 12 An upper limit of 0.1 B was obtained for the ferromagnetic component, which appears to contradict results from SQUID magnetometry and electronic paramagnetic resonance experiments. 19 Variable field neutron diffraction studies of this material showed that the Ru spins cant into a ferromagnetic arrangement upon the application of a magnetic field and at 7 T the Ru spins are fully ferromagnetic. It is thought that the weak ferromagnetism arises via a canting of the Ru spins in RuSr 2 GdCu 2 O 8 . This occurs due to the antisymmetric Dzyaloshinsky-Moriya interaction between neighboring Ru moments, 28, 29 which is nonzero due to the tilts and rotations of the RuO 6 octahedra observed in synchrotron x-ray and neutron diffraction studies. [9] [10] [11] A recent neutron powder diffraction study has shown that rotations and tilts of the RuO 6 octahedra also occur in Gd 1 30, 31 Superconductivity only occurs for x ϭ0.4-0.8 with optimal doping at xϭ0.6 in the 2122 system. 26 However the shift in T c from the underdoped material to the optimal doped material is only 5 K which is much smaller than observed in the other high-temperature superconducting cuprates such as La 2Ϫx Sr x CuO 4 . In order to observe any correlation between the changes in physical and magnetic properties with the crystal structure upon cerium and oxygen doping, synchrotron x-ray diffraction studies have been carried out for three Gd 2Ϫx Ce x RuSr 2 Cu 2 O 10Ϫ␦ samples.
at 840°C under high oxygen pressure ͑60 atm͒ and then furnace cooled to form a more oxygenated sample ͑hpo͒.
Powder synchrotron x-ray diffraction patterns of the Gd Ϫx Ce x RuSr 2 CuO 10Ϫ␦ solid solutions were recorded on ESRF beamline ID31 ͑Ref. 32͒ at 295 K. A wavelength of 0.40027 Å was used and the sample was contained in a 0.5 mm diameter borosilicate glass capillary mounted on the axis of the diffractometer about which it was spun at ϳ1 Hz to improve the powder averaging of the crystallites. Diffraction patterns were collected over the angular range 2-50°2. The high-angle parts of the pattern were scanned several times to improve the statistical quality of the data in these regions. The counts from the nine detectors were then normalized, summed and rebinned to a constant step size of 0.001°for each scan.
Zero-field cooled ͑ZFC͒ and field-cooled ͑FC͒ dc magnetic measurements in the range of 5-200 K were performed in a ͑Quantum Design͒ superconducting quantum interference device ͑SQUID͒ magnetometer. The ac susceptibility was measured by a home-made probe with excitation frequency and amplitude of 733 Hz and 160 mOe, respectively, inserted in the SQUID magnetometer.
RESULTS
The synchrotron x-ray diffraction patterns of Gd 1.5 33 The backgrounds were fitted using linear interpolation and the peak shapes were modeled using a pseudo-Voigt function. The diffraction patterns showed that a small amount of Sr 2 GdRuO 6 was present. This secondary phase was included in the refinements enabling excellent fits to be obtained ͑Fig. 1͒ for all samples using the I4/mmm structural model for the 2212 phase. This model for Gd 2Ϫx Ce x Sr 2 RuCu 2 O 10Ϫ␦ is displayed in Fig. 2 32 These were modeled by splitting the oxygen sites of the RuO 6 octahedra as shown in Table I . All of the metal occupancies refined to within Ϯ1% of full occupancy and there was no evidence of cation disorder. It has previously been reported that oxygen vacancies in Gd 2Ϫx Ce x RuSr 2 Cu 2 O 10Ϫ␦ are located on the O(4) site within the Gd 2Ϫx Ce x O 2Ϫ␦ block. 27 To decorrelate the O(4) occupancy from thermal motion, the occupancy was refined while also refining a single isotropic thermal parameter for all four oxygen sites. The refined O(4) occupancies were 0.87͑1͒ and 0.95͑1͒ for ͑asp͒ and ͑hpo͒ Gd 1.5 4 and 5͔. The FC branches appear ferromagnetic, but antiferromagnetic behavior is observed in the ZFC measurements. The ZFC and FC curves merge at T irr ϭ104, 100, and 96 K for xϭ0.7, xϭ0.5 ͑asp͒ and x ϭ0.5 ͑hpo͒, respectively. Hence T irr decreases with oxygen doping but increases with Ce doping, consistent with previous results. 3 The M /H curves do not lend themselves to an easy determination of T M (Ru), which was obtained for all samples directly from the temperature dependence of the saturation moment (M sat ), as below.
Variable field magnetization studies were performed at various temperatures for all samples. The variation of magnetization with field can be described as M (H)ϭM sat ϩ 0 H, where M sat corresponds to the weak ferromagnetic contribution of the Ru sublattice, and 0 H is the linear paramagnetic contribution of Gd and Cu. The saturation moment for Gd 1 26, 34 At low applied fields, the M (H) curve exhibits a typical ferromagneticlike hysteresis loop ͑Fig. 6͒ similar to that previously reported. 3 The remnant moment (M rem ϭ0.41 B /Ru) and the coercive field (H C ϭϪ160 Oe at 5 K͒ are the same for all samples.
DISCUSSION
Knowledge of the cation and oxygen content of cuprates is important for making a chemical estimate of the hole concentration via the formal Cu oxidation state. Diffraction analysis has the advantage of giving an accurate composition for well-crystallized materials even when secondary phases are present, as here. The high peak to background ratio of the present synchrotron x-ray data permits refinement of the occupancy of the O(4) site within the double R layers of these 2212 structures. The Rietveld refinements show that the occupancy of O (4) The ac susceptibility measurements show the ͑asp͒ sample to be nonsuperconducting but the other two samples have very similar T c 's of 28 and 30 K. This suggests a formal charge distribution within error of 2Cu 2ϩ ϩRu 5ϩ in the ͑asp͒ sample, with no doping of the copper oxide planes, whereas the latter two samples are both 2Cu 2ϩpϩ ϩRu 5ϩ with pϭ0. 15 . This corresponds to near-optimum doping of the copper oxide planes. We have also attempted to estimate the charge distribution between Cu and Ru using bond valence sums ͑BVS͒ which are based on the refined Cu-O bond lengths. 31 in which physical measurements showed an increase in hole doping of the CuO 2 planes with Sn substitution and a decrease with Nb substitution. However, there was no corresponding trend of the Cu BVS with doping.
Examining the individual geometric parameters in Table  II , it is evident that the change from nonsuperconducting ͑asp͒ to superconducting ͑hpo͒ and xϭ0.7 samples correlates with an increase in the Cu-O͑2͒-Cu angles ͑from 170°to 172°͒. The flattening of the CuO 2 planes is known to correlate with increasing superconductivity in cuprates, and is clearly a more sensitive indicator than the Cu BVS here.
We conclude that BVS calculations of Cu valence are insensitive to the carrier concentrations in ruthenocuprate materials and the best chemical estimate is obtained from determination of the composition. The substitution of Ce for Gd in the structure of Gd 2Ϫx Ce x Sr 2 RuCu 2 O 10Ϫ␦ is overcompensated by an increase in the oxygen content leading to an increase in the hole doping. Hence, in order to obtain the correct electronic phase diagram of Gd 2Ϫx Ce x Sr 2 RuCu 2 O 10Ϫ␦ it is imperative that the oxygen stoichiometry is measured. X-ray absorption spectroscopy could also be used to investigate the hole distribution in phase pure materials.
The qualitative magnetic behavior of the Ru-2122 system 26 is as follows. Starting from high to low temperatures, the magnetic behavior is divided into four regions. ͑i͒ Above T M (Ru) the system is paramagnetic. ͑ii͒ At T M which is deduced directly from the temperature dependence of M sat , the Ru sublattice becomes antiferromagnetically ordered. The up rise at elevated temperature of the ZFC branch ͑Fig. 4 inset͒ indicates precisely this antiferromagnetic behavior. ͑iii͒ At T irr a weak ferromagnetism is induced, which originates from canting of the Ru moments. T irr is defined as the merging point of the low field ZFC and FC branches, or alternatively, as the peak in the ac curves. Canting of the Ru moments may arise from a Dzyaloshinsky-Moriya interaction between neighboring moments which is nonzero due to symmetry-breaking tilts and rotations of the RuO 6 octahedra. ͑iv͒ At lower temperatures superconductivity is induced and T C depends strongly on Ce and on oxygen concentrations as shown in Fig. 3 . Below T C , both superconductivity and weak-ferromagnetic states coexist and the two states are practically decoupled.
We 28 .585 Å as x increases to 0.7. As the concentration of Ce increases, there is a resultant increase of oxygen into the structure but the decrease of c due to the addition of the smaller Ce cation outweighs the structural effects of oxygen insertion. A recent report 36 showed how the magnetic behavior of Gd 2Ϫx Ce 0x RuSr 2 Cu 2 O 10Ϫ␦ is different from that of RuSr 2 GdCu 2 O 8 ; magnetic logarithmic relaxation, inverted hysteresis loops and metastable magnetic states were observed. It was concluded that a long range dipole-dipole interaction between RuO 2 layers exists which is antiferromagnetic in zero field. Upon application of a small field ͑Ͻ100 Oe͒ the interlayer magnetic coupling becomes ferromagnetic due to a spin flop interaction. It appears that small changes in the interlayer axis affect this interaction so that the dipoledipole interaction becomes weaker with increasing c and both T M and T irr decrease.
